Procedures to determine the density of peptides immobilized on a glass surface for the quantitative detection of phosphorylated peptides for phosphoproteomic applications of peptide microarrays are described. Two kinds of representative fluorescent probe molecules, anti-phosphotyrosine antibody (AB) and phos-tag (PT), were examined to compare their ability for the quantitative detection of phosphorylated peptides. PT is a metal complex with a binding specificity to phosphorylated amino acids, and is much smaller in size than AB. Thus, PT is quantitatively bound to the phosphorylated peptides, even at a high immobilization density without steric hindrance, making them highly suited for future microarrays requiring smaller sized peptide spots for much higher throughput.
Introduction
Conventional peptide microarrays typically contain large numbers (usually 1000 to 10000) of peptide spots with diameters of micrometer order (several tens to several hundreds μm) on solid supports, such as glass, plastic, and thin gold films. 1 These microarrays are a powerful tool not only for the high throughput screening of substrate peptides of enzymes including protein kinases (PKs) 2 and proteases, 3 but also for drug screening 4, 5 and epitope mapping. 6 Recently, peptide microarrays have been extensively used for the analysis of intracellular PKs, which are enzymes used to catalyze the phosphorylation of amino acid residues (Ser, Thr, and Tyr) of specific proteins to regulate their activity to control intracellular signal transduction processes. 7, 8 The analysis of intracellular PKs is an attractive application of peptide microarrays because it enables cell-based drug discovery, 5 the biochemical study to elucidate signal transduction pathways, 9, 10 and diagnosis using tissue lysates. 11 Radioisotope (RI)-labeled [ 32/33 P] γ-ATP was previously used as a substrate for the detection of phosphorylation by kinase. However, because of the limited usage of RI, researchers have started to use fluorescent probes, such as fluorescence-labeled phospho-Tyr antibody and metal complexes including Pro-Q Diamond 12 and phos-tag, 13 which specifically bind to the phosphate groups of the substrate peptides.
A quantitative detection of the phosphorylation is especially important when peptide microarrays are applied to the diagnosis of diseases, because a small difference in the intracellular activity of the PKs governs the fate of the cells.
14 However, quantitative detection of peptide phosphorylation is difficult to achieve because of the small spot size associated with the peptide microarrays. The difficulty associated with achieving quantitative detection can be attributed to the following three reasons. The first is a large deviation in the amount of immobilized peptides due to the poor accuracy of the spotting of such small volumes of solution. A standardization of the amount of immobilized peptides by co-immobilizing fluorescent compounds with the peptides is a promising approach to solve the problem. 15, 16 The second reason is the nonspecific adsorption of probe molecules that precludes obtaining quantitative signals corresponding to the amount of phosphorylated peptides. 9 To eliminate the contribution of the nonspecific signal, we have proposed the use of negative and positive control peptides. [17] [18] [19] [20] [21] [22] The phosphorylation residues of the positive control peptides are substituted with Ala or Phe, while the positive control peptides have phosphate groups to determine signals of 100% phosphorylation. [17] [18] [19] [20] [21] [22] Because of the recent increase in demand for microarrays with a higher density of spots, 23, 24 the density of the immobilized peptide in each spot should be higher to raise the sensitivity of detection. In this case, recognition of the phosphate group by probe molecules will be precluded by a steric hindrance. This is the third reason associated with the difficulty in achieving the quantitative analysis of microarrays.
However, to our knowledge, the effect of the density of immobilized peptides on quantitative detection has never been reported.
Here, we proposed, for the fist time, experimental procedures to optimize the immobilization density of peptides for the quantitative analysis of microarrays by using representative probe molecules, anti-pY antibody and phos-tag, the molecular sizes of which are quite different.
Experimental

Reagents
High-density amino terminated glass slides were purchased from Matsunami Glass (Osaka, Japan 4-Chloro-7-nitrobenzofurazan (NBD-Cl) was purchased from Dojindo (Kumamoto, Japan).
Peptide synthesis
The peptides shown in Table 1 were synthesized by standard solid-phase peptide synthesis using Fmoc-amino acids and Rink Amide AM resin. As for peptides P1 and P2, biotinyl lysine was used. As for P3, fluorescent NBD was modified to the amine group of terminal lysine after deprotecting the ivDde group. The obtained peptides were purified by reverse-phase liquid chromatography (Hitachi LaChrom Elite, Hitachi, Tokyo), using a linear gradient of 10 to 90% acetonitrile containing 0.1% TFA at a flow rate of 3.0 ml/min. The purified peptides were then lyophilized to obtain a white powder.
Determination of density of immobilized peptide
High-density amino terminated glass slides were reacted with 1% glutaraldehyde in an aqueous NaHCO3 solution (50 mM, pH 9.5) for 2 h at 37 C. The resulting aldehyde-coated slides were rinsed three times with pure water for 5 min with sonication. Then, equimolar mixtures of P3 peptide and tris(2-carboxyethyl)phosphine (in 50 mM NaHCO3, pH 9.5) were spotted ten times on the slide, and the slide was incubated overnight at room temperature for the immobilization reaction. After the reaction, the slide was first applied to a Packard Bioscience Scan Array Lite (Billerica, MA) for measurement of the fluorescent signal. Then, the slide was washed three times with 25 mM Tris-buffered saline containing 0.05% Tween20 (TBS-T) for 5 min with sonication to remove the unmodified P3. The slide was then flushed with pure water, dried in a nitrogen stream, and the fluorescent signal was measured again.
Detection of peptides by fluorescent-modified probes
Peptide P1 was immobilized on the slide according to the same procedures as described above. After washing with TBS-T as described above, the slide surface was blocked with Blocking One-P (Nacalai Tesque, Kyoto, Japan) in TBS-T at room temperature for 1 h to reduce nonspecific adsorption of the probe molecules. Then, the slide was rinsed three times with TBS-T for 5 min with sonication. The slide was treated with solution of each probe molecule (4 μg/mL (28 nM) AB in TBS-T or 2 μg/mL (2.3 μM) PT in 1 × Blot staining buffer) or SA (2 μg/mL (38 nM) in HEPES (pH 7.1)) for 30 min at room temperature. The slide was rinsed for 4 min with TBS-T with sonication, and subsequently flushed with pure water and dried in a nitrogen stream. Finally, the fluorescence signal was detected using a Packard Bioscience Scan Array Lite instrument.
Linearity of calibration curves
Peptides P1 and P2 with various mixing ratios (total concentration; 10, 30, and 100 μM) were immobilized on the slide according to the same procedures described above. The detection procedures using probe molecules or SA were the same as those described above.
Results and Discussion
Determination of density of immobilized peptide
The density of peptides immobilized on the glass substrate surface was determined. A peptide labeled with fluorescent NBD molecules, P3, was used here. First, the correlation between the concentration of P3 solution and the fluorescence intensity from the spotted P3 solution was examined. As shown in Fig. 1a , a linear relationship was obtained up to 50 μM of the peptide. Note that in this experiment, the fluorescence intensity of the spotted solution was measured without washing to remove the unbound P3, and thus the resulting fluorescence signal corresponds to the summation of the bound and unbound P3. Then, the amount of immobilized peptide on the surface was quantified from the fluorescence intensity based on the correlation of Fig. 1a . As shown in Fig. 1b , the density of immobilized peptide almost linearly increased up to 10 μM. Above that concentration, the density gradually became saturated, probably because of steric hindrance. The density of peptides at 50 μM concentration was 0.93 molecule/nm 2 . This value is more than twice as large as that for the closely packed α-helix peptide (0.4 molecule/nm 2 ). 25 It has previously been reported that GLA, which was used here as a linker between the amino groups on the glass surface and the peptide, forms a gel layer containing reactive aldehyde groups inside of the gel matrix, 26, 27 which will afford three-dimensional immobilization of the peptides. The gel layer will also increase the roughness of the surface. Thus, the formation of the gel layer will be the reason for the apparently high density of peptides.
Detection of peptides by fluorescent-modified probes
The effect of the density of immobilized peptides on the fluorescence intensity resulting from the bound probe molecules to the phosphate groups was studied. Prior to this study, the amounts of probe molecules required to detect all of the peptide were determined. Here, peptide P1 which has biotin on its C-terminus was immobilized on the surface with a density of 0.9 molecule/nm 2 . Then, various concentrations of probe solution were deposited on the surface to allow the binding of probes to the phosphate groups. The resulting glass surface was rinsed twice with buffer to remove the unbound probes, and subsequently the fluorescence intensity resulting from each probe was measured. The immobilized P1 was also detected by using fluorescence-labeled SA, which binds to the C-terminus bound biotin of the peptides. Figure 2a shows the results of the binding of AB to the phosphate groups and SA to the terminal biotin. These two curves were nearly superimposable, and the relative fluorescence intensity became saturated at around 30 nM of SA and AB. Figure 2b shows the result of PT to phosphate binding. The fluorescence intensity was saturated at around 2 μM.
Thus, in the following experiment, the concentration of probe molecules as these saturation values, 28 nM and 2.3 μM for AB and PT, respectively, were determined. Figure 3 shows the effect of the density of peptide P1 on the fluorescence intensity resulting from the bound probes. SA was used as a positive control of AB to examine whether the bound AB dissociates during washing of the unbound probe, because the binding constant (Ka) of SA to biotin is much higher (10 -15 M -1 ) 28 than that of AB to phospho-Tyr (1.55 × 10 -7 M -1 ) 29 and the dissociation of SA during the washing step is practically negligible. The shapes of the curves of SA and AB were similar and the fluorescence intensity was saturated at around 0.9 molecules/nm 2 for both cases. If the AB bound to the phosphate groups of the peptide dissociates during the washing step, the two curves should be different. Therefore, the similarity of both curves indicated that the dissociation of AB during the washing step was negligible.
The saturation of the binding of SA and AB at approximately 0.9 molecules/nm 2 is considered to be for steric reasons. As can be seen in Fig. 1b , the immobilized peptides linearly increased with the P3 concentration up to 1.7 molecule/nm 2 . The lower saturation concentration of SA and AB against the peptide reflects the larger size of SA and AB compared with the peptide. The sizes of SA and AB (IgG) are similar: 6.8 28 and 14.5 nm 30 in the longest axes, respectively. Accordingly, the saturation concentrations of the fluorescence signals in SA and AB were almost constant. Figure 3c shows the result of the binding of PT to the phosphate groups of P1. The fluorescence intensity did not saturate within the examined density. Because the binding constant of PT to phospho-Tyr (2.5 × 10 -8 M -1 ) 13 was comparable to that of AB, the non-saturating behavior of the binding of PT will not be the result of the dissociation of PT during the washing step, but of the higher binding capacity of PT due to its much smaller size (less than 1 kDa) as compared with AB (140 kDa). 29 For the quantitative detection, the binding of probe molecules should not be restricted for steric reasons. Thus, the immobilization density of P1 should be lower than these saturation densities.
Linearity of calibration curves
Finally, the effect of immobilization density on the linearity of fluorescence signal versus the mixing ratio of the phosphorylated peptide (P1) and non-phosphorylated peptide (P2) was examined. The linearity in the calibration curves is essential for the quantitative evaluation of the activity of PKs. First, the immobilization of P1 and P2 according to the feed ratio of these peptides was confirmed. For confirmation, the immobilized two kinds of peptides were detected by using SA, which binds to the terminal biotin group. As shown in Fig. 4a , the signal intensity was almost constant irrespective of the feed ratio, indicating that the ratio of the immobilized two peptides is in accordance with the feed ratio. Figures 4b and 4c show the mixing-ratio dependence of the fluorescence signal obtained by two kinds of probes, AB and PT, respectively. As for probe AB, the linear relationship was obtained for the immobilization density of 0.60 molecules/nm 2 . In this case, an ideal quantitative detection is possible. However, when the density achieved higher values, the fluorescence intensity linearly increased first, then became saturated above a certain mixing ratio; 0.6 and 0.4 for 0.93 and 1.7 molecule/nm 2 . Thus, for these high densities, quantitative evaluation will be achieved up to the threshold phosphorylation ratio. This saturation of the fluorescence signal will result from steric repulsion. In the case of probe PT, however, the linear relationship was obtained for 0.93 as well as 0.60 molecule/nm 2 . As for 1.7 molecule/nm 2 , the slope of the curve of the fluorescence intensity tended to lose linearity against mixing ratio, but the fluorescence intensity did not saturate.
We assumed that the steric limitation in the AB binding begins when the distance between the peptides becomes shorter than the size of AB (14.5 nm). The density of the immobilized peptide was calculated to be 5.5 × 10 -3 molecule/nm 2 . This value is 170-times smaller than that of the experimentally obtained value from Fig. 4b ). This large difference between the theoretical and experimental values will probably result from the gel layer formation of GLA, as mentioned above. Due to the three-dimensional immobilization of the peptide on the gel layer, the actual density of the immobilized peptide will be much smaller than 0.93 molecule/nm 2 . The difference in the two probes observed in Fig. 4 is explained in Fig. 5 . When the density of the peptides was low enough not to disturb the binding of the probe sterically (upper panel of Fig. 5 ), both the AB and PT probes could detect the phosphorylated peptide in a quantitative manner. On the other hand, in the case of a high peptide density (lower panel of Fig. 5) , the probe AB with a much larger size did not bind to all of the phosphorylated peptides P1 when their mixing ratio was high. Consequently, the quantitative detection was not possible above the critical mixing ratio (0.6). The optimum density for the quantitative detection with a high signal intensity was determined to be 0.60 and 0.93 molecule/nm 2 for AB and PT, respectively.
Conclusions
Procedures were established to determine the optimum density of peptides for the quantitative detection of phosphorylated peptides for the activity measurement of PKs. Compared with the anti-phospho-Tyr antibody (AB), the much smaller sized phos-tag (PT) allowed quantitative detection for the higher density of immobilized peptides. Because a much smaller spot size will be demanded for higher throughput arrays in the future, 23, 24 the density of peptide in the spot should be higher to obtain sufficiently intense fluorescence signals. In this sense, PT is suited for such higher throughput arrays. Although the AB probe has a steric problem, it is still useful because of its specificity to phospho-Tyr, affording the specific detection of tyrosine kinase activity from the cell lysates which contains serine/threonine kinases as well as tyrosine kinases.
